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ABSTRACT

A new HF aircraft antenna systen. with improved performance
characteristics is described and studied. Two prominent features of
the system are the use of small multiturn loop elements of greater
efficiency than conventionral loops of the same size, and the use of
several of these elements tc inductively excite radiating currents on
the aircraft structure. An analysis of this system is followed by a
systematic design procedure which applies to any specific aircraft.
Conclusions on the feasibility and relative merits of this system are
presented.
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I. INTRODUCTION

The conventional approach to a high-frequency aircraft antenna
system is to use an electric element such as a tail cap, trailing wire,
or notch antenna. Generally satisfactory results have been obtained
but there are definite shortcomings in the conventional system.

First of all, such systems have not fully taken into account
structural distortion of the antenna pattern. Some adjustment of antenna
position might be made to reduce pattern scalloping effects by the air-
craft structure, but very limited control is available with but one ele-
ment as in a tail cap antenna system.

Secc:idly, even if good azimuth coverage could be obtained from
a tail cap antenna, it behaves essentially like a vertical stub and thus
has very poor response directly overhead or below. Poor overhead
response me¢ans missing some sky wave propagation.

Thirdly, although the electric element by itself might be efficient,
it is generally used well below its first natural resonance (A/4 in length
for a stub) where it is highly capacitive, hence i‘equires a relatively
large tuning coil. Losses in the tuning coil and matching circuitry can
result in a system with low efficiency.

And finally, the single antenna limits the total power that can be
radiated and reduces the reliability and security of the communications
system. If something happens to the single antenna, communication is
completely lost.

The object of the present program has been to study the feasibility
and develop a design procedure for a new high-frequency aircraft antenna
system which does not have the shortcomings mentioned above. The per-
formance goals for this system are omnidirectional radiation with good
efficiency at frequencies from 3 to 30 MHz and a number of radiating
elements to give improved power handling capability, reliability, and
security. To minimize structural and aerodynamic problems, each
element must be small and flush-mounted.

The system under consideration uses several relatively small,
multiturn loops as antenna elements. These elements are mounted,
along with individual power amplifiers and transmit/ receive networks,



in cavities at appropriate locations on the aircraft structure. A sketch
showing the general layout of this system is shown in Fig. 1. If con-
ventional design approaches were used for this sytem, the results would
be quite unsatisfactory. The small loop elements would have very low
efficiency and the pattern of the array of elements on an actual structure
would be quite different from that predicted by conventional array theory,
probably exhibiting deep scalloping in some directions. However, based
on the results of this research effort, two significant departures from
conventional practice for applying this system are presented, which
change its character drastically.

Fig. 1. Illustration of HF antenna system concept.

First, rather than ignoring the structure effects and trying to
minimize them, it is proposed that they be used to advantage. A well-
known characteristic of antennas in general is that the larger their ef-
fective aperture is, the more saitisfactory their impedance and efficiency
characteristics are when correctly designed. Thus by properly exciting
sizable radiating currents over the aircraft structure, the effective

aperture of this system, and hence its efficiency, may be greatly increased.

Furthermore, the use of multiple elements at selected locations and with
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selected drive signals allows a high degree of control of the structure

excitation. This excitation control can be used to obtain significantly

improved radiation patterns for communication or also to obtain D.F.

and homing modes of operation. This new H-F antenna system is very
flexible due to the use of a number of radiating elements.

A loop antenna element was chosen for this system primarily
because of its suitability for coupling energy onto the structure througkh
its magnetic field. However, even accounting for the structure effects
discussed above, the efficiency of a conventional loop is prohibitively
low for transmitting epplications. A second major departure from
conventional practice has been made in order to solve this problem.

It has been found that loops of small area but of many turns,
where the total wire length, £, is on the order of )\/2 or more, exhibit
a resonant behavior near £ = N\/2, N, 3\/2, etc. which is not predicted
by the ccnventional loop antenna analysis. A more accurate analysis has
shown that near the resonant frequencies corresponding to £ ~ N2, 32,
5N/2..., the radiation resistance increases at a much greater rate than
the loss resistance, and a peak in the loop antenna efficiency is observed.
Thus, by operating the multiturn loop antenna elements just below these
resonant frequencies, and optimizing the element geometry for a given
cavity size, a practical element for transmitting applications has been
achieved. Also, at these operating points, the antenna impedance is
inductive and the resulting capacitive matching network is much more
efficient than the tuning coils used with conventional, capacitive, high-
frequency aircraft antennas.

When these two innovations are properly applied, the resulting
system is slightly more complicated but has distinct advantages over a
conventional high-frequency aircraft antenna system. However, because
of the more complicated nature of this new system, more accurate analyses
and a more sophisticated design procedure must be developed. These
topics are the subject of this report.

Sections Il and IIl are concerned with analysis of the system. Be-
cause of the characteristics of this system, it is convenient to divide the
analysis into two parts. In Section II, the multiturn loop element is ana-
lyzed in free space. The parameters of primary interest are impedance
and efficiency as a function of element geometry. The analysis is accom-
panied by experimental data and discussions of element loading and element
tuning. In Section III, the effects of adding the structure are analyzed.
An arbitrary structure is treated as a scatterer, illuminated by one or
more of the loop antenna elements. The two parts of this section analyze
pattern effects, and impedance and efficiency effects. It is found that
these structure effects depend mainly on structure shape and on location
and orientation of the elements.



Section IV outlines a design procedure for applying this new high-
frequency antenna system to an arbitrary aircraft. Conclusions and
recommendations of this study program are presented in Section V.

1I1. STUDY OF THE BASIC LOOP ELEMENT
A. Introduction

Because of space limitations, an aircraft antenna at HF must be
relatively small electrically. This generally implies an undesirable
impedance characteristic and low efficiency. Inthe new HF antenna
system an attempt is made to overcome these problems by purposely
exciting currents on the aircraft structure in order to make use of a
larger radiating surface. Currents on a conducting surface are as-
sociated with an external tangential magnetic field that is maximum at
the conducting surface. Such a magnetic field can generally be established
more effectively by a loop element than by a stub or dipole element.
Hence a loop antenna has been chosen as the basic element of the new
HF antenna system.

The small single-turn loop antenna is too inefficient to be used as
the basic radiating element in a feasible HF antenna system. However,
the efficiency of the basic loop element can be greatly enhanced by in-
creasing the number of turns. The characteristics of this type of loop
antenna are discussed in the following paragraphs.

B. Description of the Small Multiturn
Loop Antenna

The small multiturn loop antenna has turns which are electrically
small in arca but sufficient in number such that the total wire length
may be a significant portion of a wavelength. Since it is required that
the antenna system be flush-mounted to eliminate aerodynamic problems,
the individual loop elements must be mounted in cavities in the aircraft
surface.

A prototype loop element has been designed and is shown mounted
in a 18 by 18 by 5 inch cavity in Fig. 2. The antenna consists of 13 turns
(approximately rectangular), each 3 in. by 12 in. The coil is constructed
of 3/4 in. diameter copper tubing in order to maximize conductor area
(minimize losses) while maintaining low weight. The analysis which leads
to the design of the prototype loop element is reviewed in the following
section.
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C. Analysis of the Small Multiturn Loop
Element in Free Space

The basic assumption used by most authors"? in the aralysis of
the small single-turn loop antenna is that the current on the loop is uni-
form and in-phase at all points on the loop. In the case of the small
multiturn loop, the assumption of uniform in-phase current is not valid
if the number of turns is such that the total length of wire in the loop is
a significant portion of a wavelength. For this reason, the results of
the usual analyses of small loop antennas are useless for predicting the
behavior of the type of small multiturn loop antenna discussed here.

A more realistic description of the multiturn loop antenna is ob-
tained if the current on the loop is assumed to be a superposition of
two oppositely directed uniform traveling-wave currents of equal ampli-
tude (i.e., sinusoidal current distribution). An analysis based on this
assumed form of the current distribution has been performed by B.A.

Munk® and the far-field pattern, radiation resistance, loss resistance,
and efficiency have been calculated. A brief outline of Munk's analysis
follows .

The current on the loop is assumed to be of the form

[

(1) K (') = $' I, cos kya ¢' *

where kg = w IP-oﬁo .

The geometry is illustrated in Fig. 3.

. ] 4
The magnetic far-field of a circular source is given by

: . N . .
Jkoa e-_]kor (‘ T(d)') x A e_]koa sin® cos($-0") ¢’

(2) H =
4nr < Nr

and the components of the electric field are given by

8 . ke .
.B weo *
@ {
k
Ep = - —2. Hp c
L Weg

* Henceforth, bars (~) denote vectors and hats (A) denote unit vectors.

6
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Fig. 3. Coordinate system for Munk's analysis
of the multi-turn loop.

By using Eq. (1) in Eq. (2) and inserting the result into Eq.(3)
Murk obtains the components of the electric field as:

: -jko™ I :

jwpoa e o sin(Nw koa)
4 = e
() Eg 8r cos sin(mkga)

jkoa ¢+.Tl
x |e (Z)JI(z)+ I (z)

koa.""l koa-l
-jkoa (¢ o _;I)
+ e J (-z)+ T (-2)
7



and

-ik
wpoa Iy e ion sin(Nwkoa)

(3) E¢ = - 4r sin(nm koa)
Koa (s +3) -koa (¢ +5)
x |e J'(z) +e J' (z)
koa -koa

where z = kpa sin® and Jq (B) is the Anger Function of order a with
argument B .

The radiation resistance RR of the N-turn loop is calculated from
Eqs. (4) and (5) by the standard technique of Poynting Vector integration
in the far-field. The radiated power PR is

PA ]

]
1 =
(6) PR = 5 RRIzTerminal = g S. 27
0

rd sin0d0do .

With simplifying approximations made, the integral in Eq. (6) is
evaluated giving

8 2f 2 52
(1) RR = 0 MHz 2 002 (Nrkoa)
9 x 103

at the terminals where f) 1, is the frequency in MHz.

The power lost in the antenna, Pl, and the loss resistance, RL.
are related to the current on the antenna as follows:

N

1 2 1 _Iis_ 2( ! |
(8) PL =3 RL I Terminal = 3 3, [@)ade,
-Nn

where Rg is the surface resistivity of the copper wire given bys

(9) Rg = 2.16 x 1074 Ny, @
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In evaluating Eq. (8), Munk obtains

-8 e sin(ZNmrk,a
(10) Ry = 4.16 X 10 Nma NTvHz [1 + ( 0d) ]

b cos® (Nmkgya) ZNrnkga

at the terminals.

The radiation efficiency of an antenna is customarily defined as®

P
(11) ol
Pr + Py,
Using Eqs (6) and (8) in Eq. (11) gives

1
Rp IzTerminal

E= __2
1 2 _1. R IZ
Z RA 'Terminal ¥ 2 ®L P Terminal
or,
RR
(12) Es——
Rp + Ry,

When the values of RR and Ry, from Egs. (6) and (10) are substituted
into Eq. (12), tre efficiency is obtained.

From Eqs. (4) and (5) it is seen that 'Eul << |E¢| Thus the far-

field power pattern is proportional to |Eg|” . Using only the first term in

the series expansion for J  (z) yields
* koa

(13) |E¢lz = (Constant) sin®9

The results of Munk's analysis are reviewed below.

Far-field power pattern;

(14) £(8, ¢) = sin?6 ,



Radiation resistance at the loop terminals;

- 8w -10-3

(15) RR 5

Loss resistance at the loop terminals;

f*MHz (ma?) tan® (

_4.16 -10-* Npr N2na)NTMHzZ

(16) RL =

(2wa) NmfMHz
300

2
d,, cos (

Radiation efficiency;

1 +

N(Z2wa)m fMHz
300 ’

(2ma)2r N fMHz
sin )

300

(217 a)Z'rr N fMHZ

300

(17) E-= -—RB— ’
RR + Ry,
where
fMpyz = frequency in MHz,
a = loop radius in meters,
N = number of turns,
dy, = wire diameter in meters,
Py = relative resistivity of the wire material
Pwire material
i Pcopper ’
¢ = azimuthal angle of the spherical coordinate system,
0 = polar angle of the spherical coordinate systém.

!

Munk's analysis of the small circular multiturn loop antenna can be .
adapted to apply to loops of other than circular shape by replacing (m a?)
by the area of one turn of the noncircular loop, and replacing (27 a) by
the perimiter of one turn of the noncircular loop, in Egs. (15) and (16).

10
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Munk's analysis yields the resistive component of the input im-
pedance of the small multiturn loop antenna. The input reactance, al-
though of less importance than the input resistance, is also of interest.
Since calculation of the input reactance of even the simplest antenna is
a difficult problem, a simplified approach was adopted. The multiturn
loop was represented as a netvwork of coupled single-turn loops, each
with uniform in-phase current. An R-L-C equivalent circuit was then
formulated and the values of mutual inductance and capacitance between

loops and of the self-impedance of each loop were obtained from the
literature.’ Figure 4 shows the R-L-C equivalent circuit for a 5-turn

loop antenna. A computer program was written to solve the network
equations and calculate the complex input impedance of the equivalent
circuit for a particular 5-turn loop. The results were compared with
actual measurements made on a 5-turn loop identical to the one analyzed
by the equivalent circuit method. It was found that the predictions of the
equivalent circuit were not sufficiently accurate to establish this techni-
que as a reliable method of calculating input impedance. The equivalent
circuit does, however, provide a physical picture (from the circuit view-
point) of the operation of the multiturn loop antenna.

Another qualitative method of explaining the behavior of the multi-
turn loop antenna is to regard it as a shorted section of transmission line
of length equal to one half the total length of wire in the loop. The first
resonance occurs when the transmission line is about a quarter wave-
length long. This would normally be considered an anti-resonance or
parallel resonance, since there is a peak in the terminal impedance.
Below the first resonance the reactance is inductive. This would generally
be the preferred region of operation, since tuning and matching could
then be accomplished by a simple low-loss capacitive network. Similar
resonances occur for wire lengths of 3\/Z, 5\/2, etc.

Equations (15), (16), and (17) were used to calculate the input
resistance and efficiency for the 13-turn loop previously described and
also for a 5-turn, 0.4 m diameter circular loop constructed of 1/16 in.
diameter copper wire as shown in Fig. 5. The predicted input resistance
and efficiency for the 5-turn and 13-turn loops are shown in Figs. 6,8, 9
and 11. As seen from Fig. 11 the predicted maximum efficiency for
the 13-turn loop is about 16.5% and occurs at about 19 MHz.

11
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Fig. 4. Equivalent circuit of a five-turn loop antenna.
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Five-turn loop antenna.
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Fig. 8. Efficiency of the 5-turn loop antenna.

D. Experimental Investigation of
the Loop Element

In order to verify the theoretical results stated in the previous
section, impedance and efficiency measurements were made on the 5-
turn and 13-turn loop models previously described. Additionally, a far-
field power pattern of the 5-turn loop was measured in order to verify
the prediction tha: the pattern function is independent of the angle ¢.
The results of these measurements and the methods by which the measure-
ments were made are described in this section.

1. Pattern

The far-field power pattern of the 5-turn loop model, described in
Section II- A, was measured at 125 MHz. The pattern, shown in Fig. 12
is a record of ¢-polarized radiation in the 6 = n/2 plane. As seen from
Fig. 12, the pattern is approximately circular (i.e., independent of $)
as predicted by Munk.

15
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16



NS omm pmy e

1000 B

500

()

INPUT REACTANCE

-500 —+f—1

-1000 - —

Fig. 10. Input reactance of the 13-turn loop antenna.

17



70

60
MEASURED

50

S 40
o
o
[T
W
£ 30
w
O
@
w
a.
20 \
CALCULATED \
-
.~ '\Q
é \
V4
10 4 \
i \
/ \
4 N
R \
-~ \

-t = N o4

(o] res =2

o 5 10 T 20 20 3

FREQUENCY (MHz)

Fig. 11. Efficiency of the 13-turn loop antenna.

18






2. Im edanc_:s

The terminal impedances of the 5-turn aiid 13-turn loop models
were measured by the VHF bridge and Vector-Voltmeter techniques
described in Report Nurmber 2235-3. During the making of these
measurements, it was found that at lower frequencies, the surroundings
in which the antenna is located have » significant effect on the impedance
measured. In order to reduce these effects, the measurements at
frequencies below 50 MHz were made out-of-doors.

Impedance measurements were made on the 5-turn loop in the
frequency range from 0 to 150 MHz. The results are shown plotted in
Figs. 6 and 7, where Fig. 6 depicts the input resistance, both measured
and calculated and Fig. 7 shows the measured input reactance. As seen
in Fig. 6, the calculated results agree quite well in form; however, the
frequencies at which the resistance peaks actually occur arz somewhat
lower than the frequencies at which the theory predicts that the peaks
should occur. Also, Fig. 7 shcws that the antenna has the type of re-
sonance behavior which is characteristic of an R-L-C circuit such as
the one shown in Fig. 4.

Figure 13 shows the impedance of the 5turn loop plotted on a 500
ohm Smith chart. It is seen that the Z-turn loop does behave approxi-
mately as a shorted section of transmission line, in that the plot is
almost circular and is near the edge of the chart.

The measured input impedance of the 13-turn loop aatenna is shown
in Fig. 9 and 10. Figure 9 shows measured and calculated input resist-
ance and the measured input reactance is shown in Fig. 10. As in the case
of the 5-turn loop, the measured values of input resistance are somewhat
different from those predicted by theory, al.nough the general shape of
the theoretical curve is verifiede From Fig. 10 it is seen that the re-
actance behaves essentially as that of an R-L-C circuit or a shorted
section of transmission line.

3. Efficiency

The radiation efficiency of the multiturn loop antennas has been
measured by comparing the terminal resistance of one antenna to that of
a geometrically identical antenna constructed of different material.®
This method of efficiency measurement was developed specifically for use
in the HF- VHF range of frequencies, since no established method was
considered satisfactory at these frequencies. With the terminal

20



Smith chart plot of the complex input impedance
21

of the 5-turn loop antenna.

Fig. 13.



resistances of t{mi two antennas denoted by R(Y and R(2 respectively,
the efficiency E'! of antenna number 1 is given by

g - X R() . r2

(18)
R (r - 1)
where r denotes the ratio of the surface resistivity of antenna number 2
to that of antenna number 1.

Measurements on 5-turn loop antennas of copper and brass were
made for the purpose of testing this newly developed method of efficiency
measurement. The values of efficiency for the copper loop were measured
at frequencies between 50 and 150 MHz and are shown plotted in Fig. 8
with the calculated values from Munk's analysis. As indicated in Fig. 8,
the measurements are somewhat scattered but tend to substantiate the
predictions of the theory.

The radiation efficiency of the 13-turn loop antenna has been
measured by three different methods. These are

(a) comparison of the terminal resistance of geometrically
identical but materially different loop models®

(b) comparison of input and radiated power to that of a
short dipole9

(c) measuring the effect on terminal resistance when the
antenna is enclosed by a radiation shield.!

Since the loop element must be mounted in a cavity on the surface
of the aircraft, it is the efficiency of the loop in the cavity that is of
greatest interest. The three measurement methods described in the
previous paragraph were applied to the 13-turn loop element in a cavity
as shown in Fig. 2. The results of the three methods of measurement
have been averaged and are shown plotted in Fig. 11 with the calculated
values of efficiency for the 13-turn loop in free space. The measured
efficiency for the loop in the cavity is seen in Fig. 11 to be substantially
higher than that predicted by theory for the loop in free space. Part of
this disparity may be attributed to the effects of the cavity, as discussed
in Section IIl and Appendix I. However., some measurement error is

indicated also.

22



4. Dielectric loading

If the permittivity of the medium in which the loop is placed is
increased, the effect will be to slow down tkLe traveling wave currents
on the loop and thus make the loup appear larger in size. Equations (6),
(7), and (10) indicate that the effects will be to decrease the frequency at
which the resistance peaks occur and to increase the radiation resistance.

In order to verify these predictions, measurements were taken on
a 1/12 scale model of the 13-turn loop antenna described previously.
The impedance of the 1/12 scale model was measured in the band from
70 MHz to 90 MHz with the model tuned for 88 MHz resonance. The model
was then loaded with paraffin and the impedance was again measured.
The results are shown plotted in Fig. 14. As shown in Fig. 14, the input
resistance is increased while the frequency of maximum input resistance
is decreased. Thus diclectric loading provides a means of effectively
reducing loop size for a given level of performance.

E. Element Tuning and Matching

If the HF antenna system is to operate over a wide band of frequencies,
some provision must be made for tuning the basic loop element over the
band. In order to operate in the region of maximum efficiency, the geo-
metry of the loop must be adjusted to the frequency to be transmitted.

This can be accomplished by disconnecting turns so that as the frequency
is increased the length of the loop remains slightly less than one-half
wavelength. Fine tuning can then be accomplished by placing a capacitor
either in series with or in parallel with the loop element.

Parallel capacitive tuning is illustrated in Fig. 15. Figure 151is a
Smith chart plot of the terminal impedance of the 1/12 scale model 13-
turn loop with and without a 0.75 pf. capacitor connected across its
terminals. As seen in Fig. 15, the loop alone resonates at about 190 MHz
while the loop and capacitor combination resonates at about 129 MHz.
Thus the resonance frequency of the loop can be greatly altered by a
parallel tuning capacitor.

The relative bandwidth of an antenna is the interval of frequencies
over which the antenna reactance is less than the antenna resistance,
divided by the resonance frequency. From Fig. 15, the bandwidth af the
tuned and untuned 1/12 scale model 13-turn loop is seen to be about 26.3
per cent for the untuned loop and about 11.5 per cent when the loop is
tuned to resonate at 129 MHz. It should be noted that the bandwidth of
the actual model would be slightly greater than that measured on the

23
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scale model, since the loss resistance would be scaled down, relative
to the radiation resistance and reactance,

The relative bandwidth was measured on the actual model with
series capacitive tuning and is shown plotted in Fig. 16, In Fig. 16 it
is seen that the relative bandwidth is 20 per cent or greater at frequencies
between 6 and 12 MHz.

By choosing the number of turns and tuning so that the loop element
operates below the first resistance peak, the reactive part of the input
impedance of the multiturn loop element may be made positive. In this
case, the balanced loop element can be matched to a balanced power
amplifier by a purely capacitive matching network, This system eli-
minates matching coils, a major source of loss in conventional antenna

systems.

One particular capacitive matching circuit which has been studied
is shown in Fig. 17. Analysis of this circuit shows that the load imped-
ance Z presented to the amplifier can be made real and equal to a
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Fig. 16, Tuning bandwidth of the 13-turn loop~in-cavity.
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prescribed value Rz if the capacitors kcx and X, are chosen according
to the equations

(19) XCI = Rz __B_._
R, - R
and
(20) Xcz=z-%+i — -R

From Egs. (19) and (20) it is seen that two conditions which must
hold are

Rz > R H
and
.l. - I | ~ | IMPEDANCE OF
JX |
LOAD .,_.I Ce : I MULTI-TURN
IMPEDANCE OF 2 —— - X - X, ! LOOP
AMPLIFIER °——I | I ELEMENT
- 1Xc2 | R :
T By, SR J

Fig. 17. Capacitive matching network.
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The correct valuc of R, for a given push-pull power amplifier
can be found from the following equations!!

I E Emi
(21) Total power output P, = eEXEb 1 - 22 ,
2 Ep
(22) Output stage efficiency ni=r s - Emin , <I
4 Ep — 4
4E Emi
(23) Proper load resistance RL = b (1 - —min
max Ep
where
Imax = peak output current of each cycle
Emin = minimum plate or collector potential reached
on each cycle,
Ep = supply voltage.

Equations (21), (22), and (23) may be solvea simultaneously for
Rj, in terms of n, Ep, and P,. The result is

_32 n? Ep?

2z
ﬂPo

(24) R,

Equation (24) applies to Class B tube type push-pull power amplifiers.
Analogous equations can be derived for transistor amplifiers. There

are many other types of capacitive networks which might be used to match
the loop element to a power amplifier.
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ITI. STRUCTURE EFFECTS ON PATTERN
AND IMPEDANCE

When loop antenna elements are strongly coupled to a conducting
structure, currents on the structure significantly affect the pattern, the
efficiency, and the impedance of the antenna system. The general char-
acter of these effects has been ascertained in a preliminary experimental
study, which is presented in Appendix I.

Based on the results of Appendix I, it is evident that the radiation
pattern is primarily dependent on the structure currents. And to a first
approximation, a method of obtaining nearly isotropic radiation is to
excite a crossed-dipole current configuration on the aircraft structure.
Also, it is evident that increases in efficiency of up to an order of magni-
tude can be obtained when the loop elements are placed on the conducting
structure.

More accurate methods for the analysis and prediction of structure
effects for an arbitrary structure with arbitrary element locations will
now be discussed. The methods utilize high-speed digital computers
and form the basis for a systematic design procedure for the new HF
antenna system. The presentation of the complete design procedure for
this system is the subject of Section IV.

A. Pattern Effects

1. Computer program analysis

A digital computer program can be used to calculate the far-field
patterns of a radiating element mounted on a conducting body of arbitrary
shape. The theory behind the developmen: of this computer program and
a detailed description of the method by which the computer calculates
the far-field of the composite radiating system can be found in Technical
Report 2235-2. However, for completeness a brief recapitulation is
given here.

The computer program embodies a boundary-value technique
wherein the electromagnetic field boundary conditions are enforced
at discrete points on the surface of a perfect electric conductor. In
order to program this operation, a continuous conducting surface is
represented as a grid of perfectly conducting straight wire segments,
each short compared to a wavelength. A system of linear equations
involving the unknown currents on the wire segments is solved for those
currents. The i-th equation is of the form
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j=1

where N is the number of wire-grid segments. Sjj is called a "'scattering
coefficient' and represents the tangential component of the electric field
incident at the center of segment i that is generated by unit current on
segment j. Ij is the unknown complex current on segment j, and E; is
the tangential electric field at the center of segment i generated by the
radiating element, or antenna.

After the induced current on each segment of the wire grid has been
computed, the far-field pattern of the antenna in the presence of the con-
ducting structure is calculated by adding the far-field contribution from
each wire-grid segment in free space to that generated by the antenna
itself in free space. If the antenna has been represented in the computer
as a set of segments like those of the wire-grid structure, differing only
in that the current on each of these segments is specified, then the same
far-field expressions apply to the segments of the antenna itself as apply
to the segments of the wire grid structure. Both dipoles and small square
loops have been successfully modeled as a series of short segments on
each of which is specified a constant current.

Two examples are presented to illustrate the accuracy of the com-
puter program outlined above. Figure 18 compares calculated and ex-
perimental patterns for a 0.2\ horizontal dipole mounted over a two-
dimensional wire-grid model of an aircraft. The experimental model
and the structure modeled in the computer were identical. The patterns
are horizontally polarized in the horizontal plane, i.e., the plane contain-
ing the wi:e-grid model. Very good agreement is observed both in the
relative magnitudes of the two maxima and in the locations of the maxima
and minima.

Another example of the accuracy of the computer program is shown
in Fig. 19. Again, calculated and measured patterns are compared, but
this time the radiating system is a small rectangular loop mounted on a
conducting cylinder U.5\ long and 0.06\ in diameter. The patterns are
taken with the horizontal component of the field in the horizontal plane,
i.e., the plane containing both the loop itself and the axis of the cylinder.
Very good agreement between calculated and measured patterns is ob-
served.
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Fig.

CALCULATED

19. Calculated vs. experimental loop-excited
cylinder pattern.
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Due to restrictions on computer storage capabilities, the present
development of the point-matching approach to computing antenna pat-
terns has been restricted mainly to antennas mounted on essentially
planar aircraft structures. In the 5 - 15 MHz frequency range, though,
an aircraft can be grossly represented by a horizontal two-dimensional
conducting surface plus a vertical tail section. This has been done for
an existing aircraft. Figure 20 shows a wire-grid model of the B-57Be
aircraft at 4.92 MHz. The straight-line grid is composed of 10U short
segments. The antenna elements used to excite the structure were four
single-turn square loops, each U.0l\ on a side. These were mounted
on the structure at the segments noted A, B, C, and D in Fig. 20. All

% s

015

;r- 1o.10

Fig. 20. Wire-grid model of B-57B aircraic at 4.92 MHz showing

locations of four small single turn loops.
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four loops were excited with currents of one ampere magnitude, and the
loops located at segments A and C were excited 90° out of phase with

the loops located at segments B and D. Figure 21 shows both the hori-
zontally polarized and vertically polarized far-field power patterns cal-
culated in the plane of the aircraft. Notice that the verticaliy polarized
pattern is not affected greatly by the presence of the structure, mainly
because this component is perpendicular to the plane of most of the con-
ducting structure. The horizontal component of the power pattern, if
considered f{rom a simplified viewpoint, should be closely related to

the almost uriform pattern in that plane of two crossed dipole: excited
90° out of phese with each other. This is clearly not the case, for
several reasons. First, the small loops are probably not located where
they would most strongly excite dipole-mode currents on the wings and
fuselage of the aircraft. Secondly, the wing section does not give the same
representation of a dipole as does the fuselage. Finally, even if one
assumes adequate dinole representation of the wings and fuselage, these
dipocle-like structures do not intersect one another in their respective
centers. The cumulative effect of all three of these reasons helps explain
why the horizontal component of the power pattern in Fig. 21 is not iso-
tropic for the loop array considered above.

2. Computer-aided optimization

The basic computer program descr.bed previously can be altered
to optimize the design of an antenna system mounted on an airframe.
Although each system would have its definition of an optimum system,
this discussion will consider a fairly simple approach and will illustrate
two of several parameters with respect to which a designer may want to
optimize his system.

The computer program used here facilitates the use of an iterative
type of procedure that a program must eventually utilize in order to pick
out the best of several alternatives. This feature of the computer program
is seen as follows: if the frequency for which optimization is to be carried
out is {ixed, then the matrix of scattering coefficients needs to be calcu-
latzd only once. Furthermore, this square matrix has to be inverted
only once. Thus, if the quantity to be varied is the location of the active
elements and/or the excitalion of any of these elements, or even the
number of active elements to be used, then the only quantities that nced
to be recalculated foxr each iteration are the values of the tangential
electric field thav is generated by the antenna elements, themselves,
evaluated at the centers of all the wire-grid segments. The inversion of
the matrix is then comr leted, and the new values for the induced currents
on the wire-grid segiments are obtained much more quickly than if the
entire matrix of coe “cients had to be generated and then inverted.

34



L T B B

WIRE GRID MODEL OF RB-57

270°

Fig. 21. Calculated horizontal patterns for four small
single-turn loops mounted on wire-grid
structure of Fig. 20.
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As an illustration of this optimization capability, the basic computer
program has been adjusted to optimize the locations of two out of four
single-turn loops mounted on the wire-grid model of Fig. 20. Because
the far-field patterns do not change significantly for incremental changes
in element positions, the criterion used to decide the most acceptable
locations was the lowest maximum-to-minimum power ratio in some far-
field pattern cut (i.c., the smallest difference in dB in the horizontal
plane, for example). The computer program was given the excitations
and the initial locations of all four loops. Also given was an acceptable
figure for the power ratio (3 dB, for instance). The program, by cal-
culating the far-field of the radiating system in some plane, determined
whether the power ratio was acceptable. If so, the run was terminated.
If not, the program automatically chose new locations for the pair of
elements to be moved and recalculated the power ratio for the same
pattern cut. If this was a more acceptable power ratio than the original
one had been, the pro.:m continued to move the elements in the same
direction as before. If the power ratio was less acceptable than before,
the program shifted the locations of the pair of elements in the opposite
direction. In either case, another power ratio was calculated for the
new locations. If this ratio was more favorable, the positions were
again shifted in the direction they had previously been moved, within
bounds on the locations that had been set at the beginning of the program.
If the newest power ratio was better then the previous one, then the
program continued to shift the elements in the same direction, within set
bounds on the locations. If at any point thereafter either a bound was
reached or a less acceptable power ratio was calculated, then the best
set of locations, as determined by the computer, was printed and the pro-
gram terminated.

Figure 22 shows patterns which were calculated during an optimi-
zation run for locations of a pair of single-turn loops mounted on a wire-
grid model of the B-57B aircraft. Notice that the pattern does not change
greatly as the positions are changed, since the increment of distance is
only 0.0l X . For this particular pattern, the magnitudes of the currents
on all four loops were equal, and the phasing was 90° between the fuse-
lage pair and the wing pair of elements.

The details of this program are given in Appendix II. This parti-
cular program is useful for either the pair of elements on the wings of
the aircraft or on the fuselage, depending on the order in which the ele-
ments are read into the computer originally.

This program can be changed to optimize the excitations of the

elements rather than the positions of the elements. By replacing the
iterations of the element positions by iterations of the magnitude and/or
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Fig. 22. dB patterns calculated during optim ation run
for locations of a pair of loops on B-57/B.

phase of the elemental current values, the program can be used to find a
best set of excitations for one pair of elements, given the excitations of

the other pair. Extensions of this approach would allow optimization to

be carried out first on one pair of elements, then on the other pair, etc.
In addition, a successively finer increment of current could be employed
to more accurately determine the optimum values.

Figure 23 shows how the pattern may be changed by varying the
relative phase betweenr the elements. The example involves a pair of
crossed, but not centered, half-wavelength dipoles which are excited
at two different relative phases. The magnitudes of the excitations are
the same for both dipoles. Although not isotropic, the pattern for 90°
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Fig. 23. Patterns from two crossed but non-centered \/2
dipoles for different current phasings.

phasing is more nearly uniform than the pattern for 30° relative phasing.
Whether the 90° case would always be more acceptable if the relative
magnitudes of the excitations were varied is not known, but by altering

the optimizaticon program as noted previously, this information could be
obtained. The very process of obtaining this information would be to
optimize the phase of a given pair of elements with respect to the other
pair, having first altered the relative magnitudes of the pairs of elements.
A more elaborate alteration of the program would allow the user to vary
both the amplitude and phase of the excitation of each element separately,
rather than in a pair-wise fashion.
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3. Application over a wide bandwidth

The wire-grid model approach to antenna system design through
analysis permits more than one quantity to be varied over almost any
desired range. However, the irequency for which computations are
made is a fixed quantity determining the dimensions, in wavelengths,
of the antenna elements and the wire-grid aircraft structure. This means
that a configuration that is optimized at one frequency may not be the
optimum configuration at a different frequency. Another factor to consider,
though, is that the program, by the necessity of limited storage in the
computer, © can be successfully applied only to relatively low-frequency
cases (5 - 15 MHz) for typical aircraft sizes. A variation of one to two
MHz from the design frequency will probably have little effect on the
far-field patterns because the electrical dimensions of the bodies involved
do not change greatly in wavelengths. However, in order to design an
antenna system to cover a wide range of frequencies, such as the entire
HF band, it is necessary to model the system at a number of different
frequencies over the band and either strike an acceptable compromise
over the entire frequency range from the individual optimizations, or
utilize each optimized design within its band of applicability (this implies
tuning or step-switching of element excitations).

B. Impedance Effects

It is expected that the structure will affect the impedance charac-
teristics of the flush-mounted loop as well as the radiation pattern.
Some measurements have been made to determine the extent and character
of these impedance effects. Also, techniques for predicting these =ffects
have been investigated.

1. Experimental measurements

The experimental model consisted of a 1/12 scale model of the 13-
turn copper loop shown in Fig. 24. The impedance was measured for

* The core storage of IBM 7094 limits analysis to structures about one
wavelength in extent. 7This is not a fundamental limitation on the point-
matching method, however. The next generation of computers, already
available, extend this to structures about 3\ in extent. Use of tape
input can extend the range but at the cost of computer time.
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Fig. 24. Photo of 1/12 scale model 13-turn loop.

this loop in free space, and also mounted in a 1" deep X 2" square
cavity centered on the surface of a 68' long by 8" diameter copper
cylinder. The measurements, made from 50 MHz to aroung 250 MHz,
do not scale exactly since the loss resistance of the scale model loop is
increased approximately proportional to N12 because of the smaller skin
depth at higher frequencies. Radiation resistance and reactance for the
two models should scale exactly, however, assuming that the current
distributions are not altered by skin effect.

Figure 25 shows a Smith chart plot of the impedance of the scale
model loop, on and off the cylinder. A characteristic impedance of
700 2 was chosen arbitrarily to spread the data points over a larger
portion of the chart. For the impedance measurements shown on the
100C Q Smith chart of Fig. 26, the loop was tuned to resonate at 81 MHz
using a parallel capacitor of ~ 3 pf. The real part of these impedances
of Fig. 26 are shown in Fig. 27. The Smith chart of Fig. 28 shows
measured impedances for the loop tuned to resonate at 138 MHz using a

parallel capacitor of 2. 0.75 pf. A plot of the real part of these imped-
ances is shown in Fig. 29.

All of these measurements exhibit two major structure effects on
the loop impedance. First, the resonant frequency is changed somewhat.
This effect can be attributed to the structure disturbing the near field
distribution of the loop. Since the reactive fields of the tull size model
are very similar to those of th» scale model, this resonant frequency
change should occur similarly on the full size model. Also, as can be
seen from the peaks of the terminal resistance curves, the radiation
resistance is changed somewhat by the structure. Since the radiation
resistance is a larger portion of the total resistance for the full size
model, this effect should be enhanced (by approximately N12) for the full
size rmodel. |
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Fig. 26. Impedance of loop, tuned to 81 MHz resonance,
on and off structure.
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Fig. 27. Real part of the impedances of Fig. 26.
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Fig. 28. Impedance of loop, tuned to 123 MHz resonance,
on and off structure.
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Based on tests with a single-turn cavity-mounted loop and the
pattern results of this section alrcady discussed, it can be deduced that
these structure effects are dependent on frequency, loop geometry,
structure size and shape, and location of the antenna on the structure.
Therefore, because of the many parameters involved, the complexity
of the dependence of the impedance on these parameters, and the variety
of specific aircraft structures that might be considered, a computer
technique for the analysis of the structure effects seems to be the most
appropriate approach. Such a program has been written.

2. Computer analysis for total
impedance effects

The basis of the analysis method is a novel form of the reaction
theorem, derived by Richmond.!® This theorem is applied to the gener-
alized geometry shown in Fig. 30, consisting of a source region and a

scattering region. For this application, assume that the source region
is filled by the loop antenna element, and the scattering region is filled
by the perfectly conducting aircraft structure. Then the total terminal
impedance, including structure effects, is

(26) z'=2- L S&"-Eds,
IZ
Sz

SOURCE REGION SCATTERING REGION

?
= i

Ss

Fig. 30. General geometry for reaction theorem.
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where Z is the known impedance of the source antenna in free space,

E is the free-space electric field of the source antenna cvaluated on the

surface o’ the structure, J'is the current density induced on the surface
of the structure, I is the terminal current of the source antenna, and the
integration is performed over the surface of the ''scattering' structure.

A statement listing for a computer program utilizing this technique
for calculating structure impedance effects is shown in Appendix III.
The point-boundary matching computer program for pattern calculation
forms the basis for this impedance program. The values of E of the
structure are known from the ''scattering coefficients' calculated in the
pattern program. Also, the pattern program solves for the structure
current [' at discrete points on the structure before it computes the pat-
tern. These features have been preserved in the impedance program.

However, it is well known that accurate computation for complex
antenna impedance requires a more detailed and exact representation of
the near field and/or surface currents than pattern calculations do. The
much more involved techniques used to compute accurately the complex
impedance of a simple dipole antenna'* are a good example of this fact.
In an atternpt to obtain the increased detail from the limited number of
constants dictated by computer capacity, several modifications in the
computer program apprroach have been made. First, the currents on
the structure are described by a set of orthonormal modes with unknown
mode coefficients rather than by constant current segments as before.
Using this approach, for example, the sinusoidal current distribution
on a dipole could be described by a single mode coefficient, rathe: than
several discrete constant current segments which only approximate a
sinusoid, as shown in Fig. 3]1. With careful selection of the form of the
orthonormal mocdes, this teclknique should improve accuracy substantially.
Also, the structure is represented as a series of adjacent perfectly con-
ducting rectangular surface elements, which may be flat or curved, each
element having a "longitudinal' and "lateral' component of current. A
more detailed outline of the program operation, and required inputs and
outputs, is presented in Appendix III.

This program has been applied to the test case of coupling between
two \/2 dipoles, placed side by side at a spacing of A\/2. An infinitely
thin dipole is treared as the anienna element, and the second dipole, with
an 8 to 1 aspect ratio, was defined as the ''scattering surface'' in the
computer program. For unit current excitation, the current distribution
on the scattering dipole is shown in Fig. 32, corresponding to a mutua’
impedance batween the dipoles of Z,; = 26.9/-118°. This compares to
the accepted value of Z,, = 32.4/-112.75° for two infinitely thin dipoles.
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Fig. 31. Mode current vs. discrete current segment
approximation of \ /2 dipole current.

This test case solution displayed several drawbacks. First, 15
mode currcnts were needed to obtain the demonstrated solution on this
simple cylindrical shape. This implies that, despite the improved
detail of the mode current approach, the 100 unknown-coefficients capa-
city of the computer presently used would still not permit sufficiently
accurate current representation on the much more complicated aircraft
structure. Also, satisfactory data was obtained only when the boundary
conditions were enforced on the axis of the cylinder, rather than its
surface. Tiis implies that the computer program would only solve
for current modes which are constant around the circumference of the
cylinder, an obviously unrealistic case when loop elements are placed
on only one side of the cylinder.

Because of time considerations and its present drawbacks, develop-
ment of this computer technique was suspended after its test case appli-
cation. However, this method is still regarded as promising, in that it
is a systzmatic, rigorous, analytical method applicable to real, irregularly
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Fig. 32. Computed current distribution on
scattering cylinder.

shaped aircraft structures. Among improvements contemplated which
should make it more practical are better expressions for the fields
produced by a specified current on the rectangular surface elements and
possibly a variational technique for determiring the mode current co-
efficients in order to circumvent the capacity limitation of the computer
(at the cost of increased computation time).

A simple adaptation of this program technique, when it becomes
practical, would allow computation of the mutual impedance between two
antennas in the presence of the structure. This calculation would involve
computation of the structure currents induced by a unit current in antenna
#1, and the '"'scattering coefficients’' between the structure and antenna

#2.

3. Simplified computer analysis for
resistive impedance effects

A less ambitious modification of the pattern calculation computer
program has been developed which calculates the effects on radiation
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resistance of the aircraft structure. Generally, dipole-mode radiation,
such as that for the structure, is very efficient, and thus, to a good
approximation, there is no significant loss resistance contribution from
the structure. Thus in effect, this computer program modification com-
putes the total resistive effects of the structure on the loop antenna im-
pedance.

The added program subsection is located just after the pattern
calculation section of the pattern program, and is shown in Appendix IV.
An integration of the Poynting vector associated with the computed
radiation pattern is performed over a closed surface in the far-field
of the antenna-structure combination.

This calculation has been applied to the two-dipole case, as before.
The calculated and accepted values'® of input resistance of dipole #1 in
the presence of shorted dipole #2 vs. spacing are shown in Table I.

TABLE 1
Dipole Calculated Accepted
Spacing R R
0.5\ 76.02 75.8
0.4\ 89.64 89.3
0.3 88.48 88.9
0.2\ 61.56 64.8

This computer program calculation can also be used to determine
the effects of the utructure on system efficiency, providing the structure
is assumed to be lossless.® The Poynting vector integration is performed
first for the loop element alone with assumed unity current maximum,

* This limitation applies to the present programs. However, there is
no fundamental limitation here. A revised program can be written
which would include losses in the structure. Time did not permit
this to be done on the present investigation.
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and then for the antenna structure combination with an cgqual assumed
antenna current. Defining these two integrals as P o0Op and
P1.OOP+STRUCTURE: the total system efficiency can be expressed as

EFF -
LOOP
(27) EFFTOTAL = 2

1+ 2 1) (1- EFF
= - ) . LOOP
L+S

C. Treatment of the Loop Cavity

For flush mounting of the antenna system, each loop must be
embedded in a cavity which would be considered as part of the scattering
structure in the computer analysis techniques presented above. In all
of the computer programs thus far the antenna elements have been situated
on the surface of the stiucture, as if a cavity was not being used. There
is a reason for this omission. To adequately model the cavity requires
several wire segments, and due to the present limitation of computer
capacily, a sacrifice in the detail of the rest of the structure must be
made. To resolve this dilemma, some experimental tests were made to
determine where modeling detail is most important. It was found that
the far-{ield radiation characteristics of the loop element on the surface
were a very good approximation of those for the cavity-mounted loop.
Thercfore, for pattern and resistive effects calculation, it is believed
that valid results can be achieved when the cavities are ignored in the
computer calculation programs.

It is expected that the primary effects of the cavity are on the
reactive impedance behavior of the loop antenna elements. The resonant
frequency changes demonstrated in Figs. 26 and 28 are to a certain extent
dependent on the cavity which was used. Since the reactive impedance
changes cannot be treated yet by the computer techniques presented, a
thorough study of reactive effects vs. cavity parameters has not been
done, and any design effort in this area is still limited to a cut-and-try
approach. (Fortunately, tuning network impedance values are the only
antenna system parameters depending on this design area, as shown in
the next section.)

Toward the end of this investigation, some work was done on deter-
mining a more accurate representation for the loop-in-cavity for use
with the computer analysis techniques, which is still economical in terms
of wire segments. There was not sufficient time to complete this effort,
but results which were obtained are presented in Appendix V.

51



In the approach studied, the multiturn loop is represented by a
series of very short constant current magnetic dipoles, one located at
the center of each turn and with magnretic current proportional to the
electric current in that turn. The total length of this collinear array of
magnetic dipoles would be equal to the coiled length of the multiturn
loop. In order to represent the loop-in-cavity configuration, this col-
linear array of miagnetic dipoles 1s located flush with the surface of the
structure and surrounded by a wire segment rectangle whose dimensions
correspond to the surface opeuing of the cavity.

The computer program alterations for calculating the scattering
coefficients of the magnetic current source are explained in Appendix V.
Unfortunately, these have not yet been incorporated into the computer
calculation programs to obtain pattern and irmmpedance data. However,
this approach can serve as a guide if it is deemed advisable during a
design effort to obtain a more accurate element-in-cavity configuration.

IV. DESIGN PROCEDURE

Based on the techniques developed during this investigation, a pro-
cedure can be outlined for designing a multiturn loop HF antenna system
for an arbitrary aircraft. The chief feature of this procedure is that it
allows optimization of two of the most important transmitting antenna
parameters, pattern shape and efficiency, without any cut-and-try mea-
surements. Pattern shape and system cfficiency are the performance
goals of highest priority in this design procedure. Impedance and tuning
ease, although important, are secondary considerations.

In its initial stages, the design is split into two parts. Tirst, using
the computer program, the locations on the structure and excitation
currents for a satisfactory approximation of an isotropic pattern are
found. Second, the geometry of the loop antenna for maximum practical
efficiency in the operating region is determinad. For both of these cal-
culations, there are some basic limitations caused by the structure,
power amplifier, etc., which are specified as imitial assumptions. Next
the loop design and strucrtire design are combined, and total system
parameters, including pacttern and efficiency are calculated. Further
optimization, considering these parameters, is done at this point if
necessary. Finally, the tuning and excitation network for this system
is designed.



A. Element Location Design for
Best Pattern

The computer program approach to locating the antenna elements,
using a wire-grid model, has been discussed in Section I[I-A. For a
computer which has a capacity equivalent to an ITBM Model 7094, this
approach is applicable over the frequency range where the extreme
dimensions of the aircraft are less than a wavelength, or where the
surface area of the conducting body does not exceed about a square
wavelength. At a frequency at which an optimized design is desired,
the structure dimensions in wavelengths are determined, and a wire-
grid model of correct dimensions is specified. This wire-grid model
should consist of 100 or fewer straight wire segments, * each 0.01\ to
0.05\ long, which give an accurate outline of the structure and as much

filling inside of the outline as possible. The wires must form closed
contours; no wire tip can be left unconnected to another wire. Increased

wire densily is desirable near the probable locations of the antenna ele-
ments, where current densities will be maximum.

An approximate representation of the loop antenna element must
then be chosen. For the purpose of pattern and resistive effects calcula-
tions, it has been shown that a single-turn loop of area A and current NI,
located on the surface (no cavity) is appropriate. Here A is the antici-
pated area of a single turn of the multi-turn loop element, N is the
anticipated number of turns such that N times the turn circumference is
approximately N/ 2, and I is the current in the center turn of the multi-
turn loop element (the maximum current value).

The next step is to determine the probable number of antennas and
their approximate locations. Based on structural considerations, several
permissible areas for antenna locations on the airframe can be assumed.
Knowing these locations, knowing that crossed-dipole excitation is desired
to a first approximation and knowing the power output required of each
antenna, the initial antenna locations and the number of antennas used
will be easily determined. It is felt that the most probable number of

* This temporary limitation will be changed as larger computers are
used.



elements would be four, two located on the fuselage and two on the wings.
However, two elements, one to excite currents on the wing and one for
the fuselage, may be a distinct possibility. The starting locations and
the limits of variation from these locations are given as input to the
computer program.

Then optimization techniques can be applied to determine the
locations and excitations of all the elements in order to achieve a nearly
isotropic radiation pattern. Some of these techniques involving the com-
puter program have been explained in Section IlI-A; these are by no means
the only ones which may be applied.

It is most probable that a single wire-grid model of the aircraft
will not be valid over the entire frequency band of interest; therefore
it will be necessary to model the aircraft at several frequencies within
the pertinent band. It is suggested that the locations of all the elements
be optimized at each of the selected frequencies for a single set of
excitations - for example, currents of equal magnitude on all elements.
Next, choose the locations that represent the best compromise among
all those obtained at the selected frequencies. Fix these as the design
locations and optimize the excitations of the elements for most nearly
isotropic radiation pattern at ecach design frequency. This can be done
by altering the computer program for optimizing locations, as mentioned
in Section III-A.

The results of the optimization of excitations indicate the magni-
tudes and relative phases of the currents on the antenna elements for
best pattern at selected frequencies. It is the choice of the designer
whether to have a co rinuously-varying excitation network or to maintain
control in discrete steps. In either case, if the restrictions on elemental
locations are too severe to achieve satisfactory patterns at higher fre-
quencies, extra elements may be placed on the structure and excited at
the appropriate frequencies.

B. Loop Design for Optimum Efficiency

The first step in designing the multiturn loop element is to deter-
mine the loop size. Since the area of each turn is the primary factor
which limits element efficiency, the loop dimensions should be as large
as possible. The maximum size is subject to structure limitations;
specifically, the restriction on cavity size imposed by the structure.
Once the dimensions of each turn have been determined, the number of
turns, N, is chosen so that the total wire length is approximately \ /2
at the lowest frequency to be transmitted.
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After the loop size and number of turns have been tentatively
determined, the formulas of Section II can be used to calculate the
resistance properties and efficiency curves of the loop. The <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>